In multiple myeloma (MM), the growth of neoplastic plasma cells is directly regulated by microenvironmental factors in the bone marrow. 1 Of these, neoangiogenesis is thought to have a governing role in MM pathogenesis and progression, indicated by increased bone marrow microvascular density (MVD) in patients that is positively correlated with disease activity and by increased expression of angiogenic factors. [2] [3] [4] [5] [6] In fact, increased MVD in myeloma is thought to be largely driven by vascular endothelial growth factor (VEGF), which is secreted by MM and stromal cells in the marrow; these cells also express the receptors for VEGF, including VEGF receptor-2 (kinase insert domain-containing receptor/fetal liver kinase-1 [KDR]). [7] [8] [9] The production of VEGF by both cell types is increased by interleukin-6 (IL-6), which is produced by stromal cells and provides the survival signal for MM cells; VEGF in turn stimulates production of IL-6 and tumor growth. 10 Targeting of angiogenesis by thalidomide [11] [12] [13] [14] and its more potent immunomodulatory derivatives (IMiDs; Celgene, Warren, NJ) 15, 16 is an effective therapeutic strategy against MM in newly diagnosed, relapsed, and refractory patients. Recent data showing a proangiogenic gene expression profile within bone marrow endothelial cells (ECs) of patients with MM suggest that these ECs had undergone an angiogenic switch 17 similar to that observed in solid tumors. 18, 19 However, the role of neovascularization in mechanisms involved in MM growth and dissemination requires further elucidation. From the clinical perspective, since MVD may not reflect real-time vascular activity in the marrow, and since MVD determination requires a bone marrow biopsy, a less invasive method that can assess dynamic changes in angiogenesis is needed for gaining insight into the natural course of MM and improving patient management.
Introduction
In multiple myeloma (MM), the growth of neoplastic plasma cells is directly regulated by microenvironmental factors in the bone marrow. 1 Of these, neoangiogenesis is thought to have a governing role in MM pathogenesis and progression, indicated by increased bone marrow microvascular density (MVD) in patients that is positively correlated with disease activity and by increased expression of angiogenic factors. [2] [3] [4] [5] [6] In fact, increased MVD in myeloma is thought to be largely driven by vascular endothelial growth factor (VEGF), which is secreted by MM and stromal cells in the marrow; these cells also express the receptors for VEGF, including VEGF receptor-2 (kinase insert domain-containing receptor/fetal liver kinase-1 [KDR] ). [7] [8] [9] The production of VEGF by both cell types is increased by interleukin-6 (IL-6), which is produced by stromal cells and provides the survival signal for MM cells; VEGF in turn stimulates production of IL-6 and tumor growth. 10 Targeting of angiogenesis by thalidomide [11] [12] [13] [14] and its more potent immunomodulatory derivatives (IMiDs; Celgene, Warren, NJ) 15, 16 is an effective therapeutic strategy against MM in newly diagnosed, relapsed, and refractory patients. Recent data showing a proangiogenic gene expression profile within bone marrow endothelial cells (ECs) of patients with MM suggest that these ECs had undergone an angiogenic switch 17 similar to that observed in solid tumors. 18, 19 However, the role of neovascularization in mechanisms involved in MM growth and dissemination requires further elucidation. From the clinical perspective, since MVD may not reflect real-time vascular activity in the marrow, and since MVD determination requires a bone marrow biopsy, a less invasive method that can assess dynamic changes in angiogenesis is needed for gaining insight into the natural course of MM and improving patient management.
Growth and dissemination of tumors is supported by neovascularization (new vessel formation), which involves vasculogenesis (de novo tube formation analogous to prenatal vascular development) and angiogenesis (sprouting of new capillary vessels from pre-existing vasculature). Exciting new data show that tumor neovascularization involves recruitment of endothelial progenitor cells (EPCs) from bone marrow and, conversely, that inhibition of EPC recruitment inhibits tumor growth, thus establishing the significance of EPCs in tumor progression. [20] [21] [22] [23] [24] Consequently, inhibition of EPCs is a promising treatment modality with benefit both for solid and for liquid tumors. New research also has shown that within human bone marrow and cord blood, EPCs are derived from pluripotential stem cells and from more differentiated hemangioblasts, which are the precursors for both hematopoietic cells and ECs. 21, [25] [26] [27] [28] [29] At steady state, 0.01% of cells in circulation can be identified as EPCs; the remaining CECs consist of mature EC populations. 21 As distinct from mature CECs, EPCs in circulation form late colonies in vitro that expand into EC monolayers, migrate into tumor tissue in vivo, grow into 3-dimensional cultures in vitro, and have a high proliferative rate. 22, 25, 26, [30] [31] [32] These properties suggest that EPCs resemble embryonic angioblasts, which characteristically migrate, proliferate, and differentiate into mature ECs capable of vasculogenesis. 33, 34 Differentiated ECs and EPCs cannot be distinguished by phenotypic characteristics alone, because they express similar endothelial antigens that are also expressed by other hematopoietic cells. In general, EPCs can be identified by simultaneous expression of the cell surface markers CD34, 30, 35 CD133 (AC133), 31 and KDR. 24 Increased mobilization of CECs and EPCs has been associated with cancer, vascular injury and, in patients with lymphoma, poor prognosis. [36] [37] [38] In MM, EPCs in peripheral blood have not been characterized, and their role in disease pathogenesis and progression are unknown. In the current study, we tested the hypothesis that the level and function of EPCs in MM correlate with disease activity. Data from 31 consecutive patients show that levels of CECs and angioblastlike EPCs in peripheral blood are higher in patients than in healthy controls. The frequency of CECs and EPCs in patients was responsive to effective treatment with thalidomide and also positively correlated with levels of serum M protein and ␤ 2 -microglobulin, which indicate disease activity in MM. In vitro studies that explored mechanisms of actions of thalidomide on ECs showed that both thalidomide and its immunoregulatory derivative (IMiD) CC-5013 (Revlimid; Celgene) decreased mRNA levels of endothelial genes that regulate vasculogenesis and angiogenesis, including those for ser/thr kinase receptor I for the cytokine transforming growth factor-␤ (TGF-␤), which regulates vasculogenesis and tumor growth, 39, 40 and thrombin receptor (TR), a cell invasion protease that is expressed at higher levels by MM cells compared to normal plasma cells. 41 Taken together, these results underscore the vascular endothelial aspect of MM and suggest that EPCs in peripheral blood play an important role in MM's severity and that their decrease is associated with response to thalidomide. Furthermore, the current results indicate that circulating EPCs are a new treatment target in MM and suggest that EPCs may serve as a readily accessible biomarker of disease status.
Patients, materials, and methods

Patients
Thirty-one consecutive nonrelapsing patients with MM followed at Downstate Medical Center's Hematology Clinic served as subjects. All fulfilled the Southwest Oncology Group (SWOG) diagnostic criteria for MM. 42 Approval was obtained from the State University of New York (SUNY) Downstate and Kings County Hospitals' Institutional Review Boards, and informed consent was obtained in accordance with the Declaration of Helsinki. Indicated numbers of patients as noted in Figures 1 through 6 had the described studies.
Characterization of circulating endothelial cells
Cytometric analysis. Heparinized peripheral blood (20 mL) was obtained from patients and from controls, who were healthy hospital staff. Peripheral blood mononuclear cell (PBMC) layer was separated by Ficoll-Hypaque (Sigma Chemicals, St Louis, MO) density-gradient centrifugation within 6 hours of blood collection. Paired samples from patients and controls were analyzed by 3-color flow cytometry using combinations of monoclonal antibodies (mAbs) obtained from BD Biosciences-PharMingen (San Diego, CA): anti-CD34-phycoerythrin (PE); anti-CD105 conjugated to fluorescein isothiocyanate (FITC) using the FluoroTag FITC conjugation kit (Sigma Chemicals) according to manufacturer's instructions; CD11b-CyChrome; anti-CD146-PE; anti-CD34-FITC; and anti-CD38-FITC. Briefly, direct immunofluorescence staining was performed by incubation of 1 ϫ 10 6 cells with 20 L of mAb for 30 minutes at 4°C. To ensure detection of low levels of ECs, at least 100 000 cells from each sample were acquired; data were analyzed with a FACSort flow cytometer (BD Biosciences PharMingen) using the CellQuest software program (BD Immunocytometry Systems, San Diego, CA). To assess reproducibility, CEC frequency in all subjects was determined at least twice in 2 separate blood samples obtained 1 to 3 days apart.
Endothelial progenitor cell colony-forming assay and culture. To assess the frequency of EPCs in patients with MM, PBMCs were resuspended in medium 199 (Gibco BRL, Grand Island, NY) supplemented with endothelial cell growth supplement (50 g/mL; Calbiochem, San Diego, CA), 20% fetal bovine serum, antibiotics (100 U/mL penicillin G, 100 g/mL streptomycin), and heparin (50 g/mL, porcine intestinal; Sigma Chemicals), and were cultured in duplicate in fibronectin-coated 6-well plates (Becton Dickinson Labware, Bedford, MA). To eliminate contamination of the assay by mature CECs, nonadherent cells were collected after 48 hours and replated onto laminin-coated 6-well plates (Becton Dickinson Labware). Medium was changed every 3 days, and the number of colonies was counted 14 to 18 days after plating. EC colonies were defined in the manner of Hill et al 37 as consisting of multiple thin, flat cells emerging from a cluster of round cells. Colonies were quantitated in a minimum of 6 fields (original ϫ 40) per well by 2 observers without knowledge of the subjects' clinical profiles (colony forming unit [CFU]-EPC score). To assess reproducibility and to confirm endothelial origin of the outgrown cells, nonadherent cells from fibronectin-coated 6-well plates were also placed into laminin-coated 96-well plates (Becton Dickinson Labware) for analysis by immunocytochemistry. The correlation between CFU counts of laminin-coated 6-well and 96-well cultures was 0.92.
Capillary-like network formation on matrigel. Aliquots (200 L) of 0.1% matrigel (BD Biosciences) were added to the wells of precooled 48-well culture plates and were incubated at 37°C until gelation occurred. Capillary tube formation after 14 days of culture was evaluated on a scale based on percent coverage of the well surface of the plate using an inverted Nikon Diaphot 300 microscope equipped with a grid (Nikon, Melville, NY). Anastomosing capillary-like networks that covered more than 90% of the base of the well were graded as ϩ3; expansion to 50% to 90% was graded as ϩ2; 25% to 50% was graded as ϩ1; and less than 25% was graded as 0. The mean of triplicate wells from each patient at indicated times determined their score.
Immunocytochemistry
Confirmation of endothelial lineage was performed by indirect immunostaining with endothelial-specific mAbs directed against KDR, CD144 (vascular endothelial cadherin [VE-cadherin]), and von Willebrand factor (VWF); anti-CD38 was also used to detect circulating MM cells. Briefly, adherent cells in 96-well plates were fixed in 4% paraformaldehyde in 1 ϫ phosphate-buffered saline, pH 7.2, containing 0.02% sodium azide; treated with 0.05 M glycine; and permeabilized with Triton X-100. Blocking with 5% serum was followed by overnight incubation with primary antibody at 4°C and secondary antibody goat-anti-mouse Alexa Fluor 488 or 568 (Molecular Probes, Eugene, OR). For 2-color studies, following staining with the first antibody, staining with a second primary antibody was done after blocking with normal serum. Appropriate isotype-matched serum with each of the primary antibodies was used as a negative control. Images of the stained cells were digitally recorded in sequential mode on a confocal laser scanning microscope (Bio-Rad MRC 1024ES; Bio-Rad, Hercules, CA).
Real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis for KDR and VE-CADHERIN
The one-step RT-PCR analysis was performed on an ABI PRISM 7000 sequence detector (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. After treatment with RNase-free DNase (Invitrogen, Carlsbad, CA), samples were mixed with TaqMan One-Step RT-PCR Master Mix (Applied Biosystems) and analyzed under the PCR program, consisting of reverse transcription at 48°C for 30 minutes, Taq polymerase at 95°C for 10 minutes, 40 cycles at 95°C for denaturation for 15 seconds, and annealing and extension at 60°C for 1 minute. Primer sets and probes (designed using Primer Express 2.0 Software; Applied Biosystems, Weiterstadt, Germany): KDR forward, 5Ј-CACCACTCAAACGCTGACTA-3Ј; KDR reverse, 5Ј-CCAACTGCCA-ATACCAGTGGAT-3Ј; KDR probe, 5Ј-(FAM)TGCCATTCCTCCCCCG-CATC(TAMRA)-3Ј; VE-cadherin forward, 5Ј-GCCATCGATAATTCTGGACG-TATT-3Ј; VE-cadherin reverse, 5Ј-GAAGATGGTGATGGGATTTC-3Ј; and VE-cadherin probe, 5Ј-(FAM)TCACAATAACGAAAAGCTTGGACCG-(TAMRA)-3Ј. The primers and probe used to amplify and detect glyceraldehyde phosphate dehydrogenase (GAPDH) were from the TaqMan GAPDH Control Reagent kit (Applied Biosystems). The GAPDH was used as an internal standard to normalize cDNA levels. A single aliquot from a total RNA stock extracted from second passage human umbilical vein endothelial cells (HUVECs) kept in frozen aliquots at Ϫ70°C was used in each experiment to normalize between experiments. The relative expression of respective genes was calculated by using the comparative threshold cycle (C T ) method, as previously described. 43 
RNase protection assay
The ribonuclease (RNase) protection analysis was done using the RiboQuant Multi-Probe RNase protection assay system (BD BiosciencesPharMingen) as described previously. 44 Briefly, thalidomide and CC-5013 (kindly donated by Dr Peter Schafer, Celgene) were dissolved in dimethyl sulfoxide (DMSO) (Sigma Chemicals) and stored at Ϫ20°C until use. Drugs were diluted in culture medium and used at a range of final concentrations between 10 Ϫ6 and 10 Ϫ5 M with less than 0.1% DMSO. Confluent, second-passage HUVECs were exposed for 18 hours to drugs or to DMSO alone; following extraction of total RNA,10 g was hybridized to cytokine receptor or angiogenesis antisense probe cocktails (BD BiosciencesPharMingen) exactly as we described previously. 44 Quantification of mRNA was done from PhosphorImager (Molecular Dynamics, Sunnyvale, CA) analysis of radioactive bands using ImageQuant software (Molecular Dynamics). To control for differences in sample processing, hybridization signals in each sample were divided by the signal for the ribosomal protein mRNA (L32), which by independent analysis was found not to change with exposure to indicated concentrations of drugs or DMSO (data not shown).
Western blotting
Immunoblotting was performed first with 10 g/mL rabbit anti-TGF␤RI (Santa Cruz Biotechnology, Santa Cruz, CA), then with 20 g/mL mouse antithrombin receptor (PAR-1; Santa Cruz Biotechnology), and finally with 60 g/mL rabbit anti-actin (Santa Cruz Biotechnology) to ensure equal loading. Antibody detection was performed by enhanced chemiluminescence (ECL) techniques (Perkin-Elmer, Boston, MA) as we described previously. 44 
Statistical analysis
The 2-tailed, Student t test was used to compare patient and control CECs. Comparison of groups in remaining experiments was nonpaired analyses using 2-tailed Student t test. Data are presented as means Ϯ 1 SD. Associations between variables were evaluated by Pearson r. Significance level was set at P less than or equal to .05 throughout.
Results
Patient characteristics
Demographics and clinical staging of patients are shown in Table 1 . The population was predominantly African American female immigrants from the Caribbean. This group may have a predisposition to MM since, in the general population, MM is more common in men. At the time of study, all patients were at indicated stages of treatment with thalidomide (200 mg/d) for symptomatic MM ranging from 0 months (immediately prior to starting treatment) to 30 months. Patients with relapse were not included, since cytotoxic chemotherapy used in relapse treatment modulates cellular functions within bone marrow microenvironment.
Circulating endothelial cells
CECs were defined as those PBMCs that simultaneously expressed the EC antigens CD105, CD146, and CD34 and were null for the macrophage cell surface marker CD11c (Mac-1). The EC antigens were selected on the basis of their clinical relevance to EC function in disease. [45] [46] [47] [48] [49] Fluorescence-activated cell sorting (FACS) analysis showed that across all patient (n ϭ 26) and control samples (n ϭ 22), more than 98% of CD105 ϩ cells also expressed membrane CD34 and CD146 antigens ( Figure 1A) ; the frequency of CECs in patients was 6-fold higher than controls (P Ͻ .001) ( Figure 1B ). The distributions of CECs across stage 2 and stage 3 MM were similar, although the highest proportion of CECs was observed in patients with stage 3 disease ( Table 1) .
The clinical relevance of this finding was indicated by a positive correlation between patients' CEC levels and their serum levels of M protein (r ϭ .62, P ϭ .001) and ␤ 2 -microglobulin (r ϭ .72, P Ͻ .001) (Figure 2A-B) . This population of patients included both untreated and treated subjects. The correlation between CECs and M protein in this MM population suggests that CECs and M protein vary similarly in patients. Therefore, similar to M protein, which is highly clinically relevant as a measure of tumor load and disease activity before and during treatment, CECs also may be linked to pathogenesis in a way that is relevant throughout the treatment stages. However, correlation between MM disease parameters such as M protein and CECs also will be studied longitudinally in patients before and subsequent to treatment to determine the CECs' relationship with MM activity.
Characterization of EPCs
A distinguishing feature of EPCs is their late formation of colonies (after day 14 in culture) compared to more differentiated ECs, which form colonies after only 7 to 10 days in culture. 21 Similar to mature ECs, EPCs forming colonies subsequently outgrow the colony confines into confluent monolayers. In addition, in vitro EPCs grow into 3-dimensional cultures forming capillary-like tubes and networks. Since CECs were increased in patients, it was essential to characterize circulating EPCs within this population in order to determine their role in neovasculogenesis associated with MM.
We assessed the relative frequency of EPCs in patients versus controls by measuring the number of CFUs generated from PBMCs grown on laminin-coated plates. In this assay, as shown in Figure  3A , distinct colonies of elongated ECs radiating from a cluster of round cells were observed 14 to 18 days after plating (i); colony size and numbers gradually decreased (ii), followed by endothelial confluency by 20 to 28 days (iii); within a time frame similar to that seen with laminin cultures, colony formation was observed on cells grown on matrigel (iv); subsequent tube formation (v) and a dense capillary-like network formation (vi) also were observed. These results establish the presence of angioblastlike EPCs circulating in peripheral blood of patients with MM. In contrast to our findings in 19 patients in whom colony growth was studied, when PBMCs from 7 healthy subjects were cultured under conditions identical to those producing data shown in Figure 3 , late colony formation was observed in only 1 subject in whom mean Ϯ SD CFU count on day 14 on laminin wells was 2.5 Ϯ 0.6 compared to the colony counts from patients shown in Figure 3B . Quantitation of colony numbers showed that parallel to the frequency of CECs in blood, colony numbers were closely related to MM activity indicated by M protein levels. As demonstrated in Figure 3B , mean colony numbers were high in the 3 untreated patients and also in the 8 patients in whom M protein levels decreased only by 25% or less after 3 to 12 months of thalidomide treatment. In contrast, colony numbers were lower in patients (n ϭ 8) in whom a clinically better response to thalidomide was achieved, indicated by a more than 25% decrease in M protein. Others have found that ECs from the bone marrow of patients with MM show intense network formation on matrigel, correlating with the degree of bone marrow angiogenesis. 17 We thus studied EPC growth on matrigel in order to determine whether peripheral blood ECs similarly would display network formation, which would be indicative of an increase in tumor angiogenesis in vivo. In patients who had received no thalidomide or up to 2 weeks of thalidomide treatment (n ϭ 12), network formation covered 60% Ϯ 2.5% of the surface area of the wells, whereas in other patients who had received thalidomide for 3 months (n ϭ 4), network formation covered only 20% Ϯ 4.2% of the wells ( Figure 3C , representative data for 1 of 12 patients). Of 12 patients who had not received thalidomide, 3 were studied at 3 months and 6 months after thalidomide treatment for capillary network formation. As shown in Figure 3D , thalidomide induced a progressive decrease of in vitro vascularization in matrigel in the patients. These results suggest that suppression of circulating EPCs could be a key mechanism responsible for effectiveness of thalidomide in MM.
As shown in Figure 4 , the endothelial origin of CFUs and confluent EPCs was confirmed by immunocytochemistry performed at the indicated time points (shown on the left) after plating the cells on laminin. The EC colonies observed on day 14 were Staging was done at diagnosis in accordance with Jacobsen et al. 42 NA indicates not applicable to healthy controls. *Not all patients underwent all of the studies described in the "Results" section. †In 2 cases of light chain MM, Bence-Jones protein was considered as M protein. For personal use only. on August 12, 2017. by guest www.bloodjournal.org From strongly positive for KDR and expressed lower levels of VEcadherin ( Figure 4A) ; expression of VE-cadherin and VWF was abundant in smaller colonies and in outgrowing EPCs on day 21 ( Figure 4B ), outgrowing ECs were similarly characterized by their intense staining for KDR and co-expression of CD133 ( Figure 4C ). This is particularly important since CD133 expression is gradually lost during EC differentiation and is absent from mature ECs. 31, 50 Outgrowing EPCs at day 28 also expressed VWF; expression of VE-cadherin was more concentrated at the poles in these cells ( Figure 4D-F) , consistent with the function of this antigen as an inter-EC adhesion molecule. CFUs also expressed CD105, CD146, CD31, and CD34 at lesser intensity and did not express CD38, a membrane protein present on plasma cells (data not shown).
Since VEGF in bone marrow microenvironment drives EC proliferation and angiogenesis largely by signaling through KDR, its gene expression was studied further by comparing mRNA levels of patients and controls. In parallel to its strong expression on the EPC membrane, KDR mRNA levels in patients with MM were higher than in controls, while expression of VE-cadherin was not increased ( Figure 5A ). As shown in Figure 5B , while KDR mRNA levels showed variation, it was significantly elevated in patients (n ϭ 21) compared to controls (n ϭ 6) (P ϭ .005), and the highest levels occurred in patients with concurrently high M protein levels ( Figure 5C ). The clinical significance of elevation in KDR mRNA in peripheral blood mononuclear cells from patients with MM was further underscored by demonstration of its positive correlation with serum M protein in these patients (r ϭ .595, P ϭ .003) ( Figure 5C ). Recent data indicate that MM cell lines and patient cells express the KDR gene and protein. 51 Thus, MM cells within the PBMCs in circulation could be the source of KDR mRNA obtained from patients. However, flow cytometry and immunocytochemistry data indicated the absence of cells that coexpressed KDR and CD38 in patients (data not shown), indicating that plasma cells could not be the major source of the KDR mRNA in the population we studied.
Effects of thalidomide and the IMiD CC-5013 on EC gene expression
Since CECs and EC colony and capillary-like network formation were significantly decreased in patients receiving thalidomide, we studied the effects of this class of agents on expression of a panel of key genes that regulate angiogenesis. For this purpose, effects of thalidomide and CC-5013 on HUVECs were studied by quantitative mRNA expression analysis using RNase protection assays ( Figure 6A-B) . Compared to controls treated with DMSO, exposure of HUVECs overnight to thalidomide or CC-5013 at a 10 Ϫ6 molar concentration resulted in a significant reduction in mRNA levels for TGF␤RI, IL-1RI, TNF-␣ receptor p75, and gp130, a receptor for IL-6 family that mediates tumor growth in MM ( Figure  6C ). Receptors that were inhibited to a lesser but statistically significant extent included TR, Tie2, and TNF-␣ receptor p55. These findings are consistent with previously described inhibitory effects of thalidomide and CC-5013 on TNF-␣ receptors, 52 IL-1RI, 53 Tie2, 54 and also on gp130. 55 The inhibitory effects of thalidomide or CC-5013 on TGF␤RI gene expression have not been described previously, to our knowledge. This finding is significant because of up-regulation of TGF␤RI in bone marrow EC in patients with MM 17 and suggests that this ser/thr kinase receptor or its downstream intracellular mediators SMAD proteins may be one mechanism that regulates angiogenesis in MM. Similarly, inhibitory effects of thalidomide or CC-5013 on TR gene expression is also of interest because inhibition of TR gene expression could interfere with antiangiogenic actions of thrombin. When these actions of thrombin are considered, such as potentiation of VEGF-induced EC proliferation, up-regulation of VEGF receptors KDR and flt-1, the flt-1 ligand ␣ V ␤ 3 integrin, VEGF secretion, and expression of matrix metalloprotease-9 (MMP9), 56 it is possible that signaling via TR could contribute to angiogenesis in MM. Lastly, as shown in Figure 6D , which represents 1 of 2 independent experiments that yielded similar results, Western blot analysis showed that the effects of thalidomide and CC-5013 on mRNA levels of TGF␤RI and TR genes in HUVECs are paralleled by a simultaneous decrease in their respective protein levels. Furthermore, a reducing effect of thalidomide and CC-5013 on expression of the 2 proteins was also observed in primary EPCs outgrown from PBMCs from 2 untreated patients, of which 1 is shown in Figure 6D .
Discussion
We show that in MM, (1) CECs are increased in blood and covary with 2 major clinical indicators of disease activity, for example, levels of M protein and ␤ 2 -microglobulin; (2) among CECs are EPCs with angioblastic and neovascularization capabilities; and (3) clinical response to thalidomide, defined as reduction in levels of M protein and ␤ 2 -microglobulin, is associated with a parallel decline in CECs and EPCs. We also suggest that EC pathology in MM may involve the TGF␤RI pathway, since this gene was targeted by thalidomide and CC-5013 in HUVECs and patient EPCs.
The covariation of CECs and EPCs with M protein and ␤ 2 -microglobulin supports the clinical relevance of these vascular markers in reflecting tumor mass and prognosis in MM. The current findings support the concept that by virtue of their mobilization, EPCs represent a surrogate indicator of angiogenesis and of response to antitumor strategies. 20, 38 On the basis of these results, it is possible to hypothesize that, similar to M protein and ␤ 2 -microglobulin, CECs and EPCs reflect disease progression or regression and are relevant parameters in both untreated and treated patients. This thesis will be explored in a larger longitudinal study. , and all cells also expressed VE-cadherin (green) and (F) VWF (green). Cultures were maintained on 96-well laminin-coated plates in M199 medium containing 50 g/mL heparin, 50 g/mL endothelial cell growth medium, and 20% fetal calf serum at standard culture conditions and were fixed for immunostaining at the time points indicated on the left. Images were generated at the projections of the z-stacks at 1024 ϫ 1024 pixels. For personal use only. on August 12, 2017 . by guest www.bloodjournal.org From Although we did not directly measure the proliferative rate of EPCs, we observed a significant increase in the level of colony growth in EPCs from patients compared to control subjects. We found that EPCs were characterized by strong expression of KDR compared to other EC antigens, including VE-cadherin and VWF, which EPCs uniformly expressed at lesser levels. Thus, EPCs in MM bear similarity to embryonic angioblasts, which express high levels of KDR. The receptor KDR binds VEGF with lesser affinity than Flt1, but KDR mediates most actions of VEGF on angioblasts, including survival, migration, and tube formation. 34 Recent data show that EPCs from cord blood express high levels of KDR, resulting in their increased sensitivity to the angiogenic effects of VEGF. 57 Similarly, in MM, increased KDR expression by EPCs suggests the possibility of increased sensitivity of these cells to VEGF; such sensitivity might account for our finding of growth of EPCs from patients with MM but not from healthy controls, since the EPCs could not survive below a critical concentration of VEGF (which was not added exogenously to cultures). Whether KDR expression in MM EPCs is an autologous response to endothelial VEGF production is not known. Up-regulation of endothelial KDR gene expression is caused by hypoxia 58, 59 and transformation with human herpes virus 8, 60 but the role of these factors in MM pathogenesis is not known. High KDR gene and protein expression suggests that this receptor plays a role in the expansion or mobilization of EPCs in MM. The relationship between levels of KDR mRNA and M protein supports this notion and further indicates that EPCs in MM have either maintained or transformed to their phenotypic and functional prenatal status. We are aware, however, that future studies of EPCs in MM should use stringent cell separation techniques since KDR is also expressed by MM cells and cell lines. 51 The present results suggest that a suppressive effect of thalidomide on circulating EPCs might be the key mechanism by which this drug affects angiogenesis in MM. The results also indicate that patients in whom thalidomide is ineffective can be identified by high colony growth and high M protein levels. These patients also have the highest KDR mRNA levels, indicating that the effects of thalidomide are largely VEGF dependent. Whether thalidomide induces apoptosis or has cytotoxic effects on CECs and EPCs in patients with MM is yet to be determined. In addition, both thalidomide and, especially, CC-5013 have potent immunomodulatory effects, the most significant of which are suppression of TNF-␣ and activation of T cells at different stages of this process. [61] [62] [63] Since evidence indicates that inhibition of angiogenesis requires intact CD4 ϩ and CD8 ϩ T-cell function, 64 the degree to which immune restoration is a mechanism by which these drugs modulate CEC numbers, EPC colony formation, and/or tumor neovascularization remains to be elucidated. Since thalidomide effects are mediated by its metabolites, a precise comparison between effects of thalidomide and CC-5013 on EPCs is difficult to assess accurately in vitro; this will be achieved in future in vivo studies in patients with MM on treatment.
Increased levels of EPCs and their corresponding gene and protein expression profiles in MM might result from processes such as expansion of genetically altered EPCs harboring chromosomal mutations or clonal growth in MM via mechanisms similar to those operating in MM cells. 65 For example, a population of ECs in chronic myeloid leukemia was shown to harbor the breakpoint cluster region/ABL (BCR/ABL) fusion gene. 66 If such EPCs are found in MM, this may suggest that that a clonal hemangioblastic progenitor could be part of the neoplastic process, which may constitute the mechanism, in addition to those already suggested, Lysates from control and treated ECs are shown. Following electrophoresis and blotting, the membranes were developed by means of antibodies specific for either rabbit anti-TGF␤RI or mouse anti-TR, followed by chemiluminescence and autoradiography. The membranes were stripped and developed similarly with rabbit anti-actin to control for equal loading.
by which single and tandem bone marrow transplantation in patients with MM is successful. 67, 68 In the present study, we found that thalidomide and CC-5013 regulated the expression of ser/thr kinase TGF␤RI, which in cooperation with HIF-1␣ stimulates VEGF gene expression induced by hypoxia, which promotes angiogenesis. 44, 69 Gene expression of TGF␤RI and HIF-1␣ were recently shown to be elevated in bone marrow ECs in patients with MM. 17, 54 Furthermore, the regulatory effects of TGF␤RI and HIF-1␣ on angiogenesis, bone development, and progression of skeletal metastases 39, [70] [71] [72] [73] suggest that both genes also may affect MM cells' interactions with their microenvironment at several levels.
A second target of thalidomide and CC-5013 treatment of HUVECs was the TR, a member of the G-protein-coupled protease-activated receptors (PAR) expressed on MM cell lines and normal plasma cells but not on B cells. 74 Activation of the TR by thrombin induces cleavage and shedding of syndecan-1, 75 which indicates poor prognosis in MM. 76 Recent data indicate that in human coronary artery ECs damaged by exposure to doxorubicin, thalidomide increases TR expression, suggesting that this is a mechanism by which thalidomide's known side effect of increased thrombosis could occur. 77 The difference between our results probably lies in differences in EC activation at the time of the studies. (Our studies used low-passage HUVECs, which were found by immunofluorescence to be E-selectin negative [data not shown], indicating that the cells were not activated.)
We conclude that increased EPCs in circulation represent an extension of the tumor microenvironment in MM. EPCs in MM express high levels of KDR and resemble embryonic angioblasts. The ready accessibility of EPCs will help further the study of the MM-specific aspects of EC biology, the evaluation of disease activity, and the monitoring clinical response, thereby further elucidating the pathways and mechanisms that affect MM angiogenesis and progression.
